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Abstract Long-period (0.5–5 Hz, LP) seismicity has been recorded for decades in the summit region of
Kı̄lauea Volcano, Hawai‘i, and is postulated as linked with the magma transport and shallow hydrothermal
systems. To better characterize its spatiotemporal occurrence, we perform a systematic analysis of 49,030
seismic events occurring in the Kı̄lauea summit region from January 1986 to March 2009 recorded by the
∼50-station Hawaiian Volcano Observatory permanent network. We estimate 215,437 P wave spectra,
considering all events on all stations, and use a station-averaged spectral metric to consistently classify LP
and non-LP seismicity. We compute high-precision relative relocations for 5327 LP events (43% of all
classified LP events) using waveform cross correlation and cluster analysis with 6.4 million event pairs,
combined with the source-specific station term method. The majority of intermediate-depth (5–15 km) LPs
collapse to a compact volume, with remarkable source location stability over 23 years indicating a source
process controlled by geological or conduit structure.

1. Introduction

Long-period (0.5–5 Hz, LP) seismic events are transient signals consisting of a brief broadband onset,
followed by a coda of decaying harmonic oscillations containing pronounced spectral peaks that are inde-
pendent of azimuth and distance to the source. This is commonly interpreted as a broadband, time-localized
pressure excitation mechanism (or trigger mechanism), followed by the volumetric response of a fluid-filled
resonator [e.g., Chouet and Matoza, 2013].

On Hawai‘i Island, LP events are closely associated with volcanic tremor, magma transport, and shallow
hydrothermal activity and have been observed at a range of depths below Kı̄lauea, Mauna Loa, and Loihi
[Koyanagi et al., 1987; Battaglia et al., 2003; Okubo and Wolfe, 2008; Wright and Klein, 2006]. Here we focus on
LP events occurring below the summit region of Kı̄lauea. Kı̄lauea LPs have generally been observed in three
broad depth ranges: (1) shallow <5 km, (2) intermediate 5–15 km, and (3) deep 30–60 km [Koyanagi et al.,
1987]. Since the beginning of the ongoing Pu‘u Ō‘ō-Kūpaianaha eruption in 1983, deep LP seismicity (3) has
largely diminished and is not considered in this study.

We focus on the shallow (1) and intermediate (2) depth LPs below Kı̄lauea, which are believed to outline
parts of the magma transport pathway beneath the summit [Wright and Klein, 2006]. Studies of the shal-
low LPs, and very long period (VLP) events within the same depth range, have generally attributed them to
magmatic-hydrothermal interactions, e.g., to impulsive discharges of steam and collapse of hydrothermal
cracks associated with rising magmatic gases and groundwater boiling [e.g., Ohminato et al., 1998; Saccorotti
et al., 2001; Almendros et al., 2001b; Kumagai et al., 2005]. The intermediate-depth LPs are less well under-
stood. However, there is a general association between swarms of the shallow LPs with rapid summit
deflation and of the intermediate-depth LPs with slower inflation and resupply [Okubo and Nakata, 2003].
A relatively aseismic zone between the intermediate and shallow LPs has been interpreted as a magma
storage reservoir [Koyanagi et al., 1987; Klein et al., 1987; Wright and Klein, 2006]. Much of the proposed deep
magma transport system beneath Kı̄lauea is aseismic, inferred as relatively open flow channels, in which
quasi-steady magma flow does not generate seismicity [Aki and Koyanagi, 1981; Koyanagi et al., 1987; Klein
et al., 1987; Wright and Klein, 2006].

Locating LP seismicity is often challenging because of emergent onsets [e.g., Koyanagi et al., 1987; Lahr et al.,
1994], and a number of different strategies have been developed [e.g., Almendros et al., 2001a; Battaglia
et al., 2003; Rowe et al., 2004; Neuberg et al., 2006; Thelen et al., 2008; De Barros et al., 2009; Gambino et al.,
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Figure 1. Starting catalog locations of events in the Kı̄lauea summit study region, with events color coded according to
their station-averaged frequency index (FI) value (see text for details). This plot shows 41,475 events for which P spectra
could be computed matching our signal-to-noise criteria. We define 12,290 events with FI ≤ −1 as LP events for the
purpose of this study (blue colors). Inverted triangles are the stations in this area (for the full station distribution used in
this work, see Matoza et al. [2013]).

2009; Arciniega-Ceballos et al., 2012; Kumagai et al., 2013; Zecevic et al., 2013]. In this paper, we systemati-
cally apply waveform cross correlation, cluster analysis, and relative relocation to 23 years of LP seismicity
at Kı̄lauea in order to characterize spatiotemporal variability of the magma transport system. In addition,
we develop a method for classifying and isolating LP events from other types of volcanic and tectonic
seismicity. Our emphasis is on methods that do not rely heavily on waveform repicking and event classifica-
tion by analysts, can be applied systematically to large data sets, and could potentially be automated and
incorporated into routine network processing for near-real-time analysis of volcanic seismicity.

2. Data and Spectral Event Classification
We begin with event-triggered waveform data from the U.S. Geological Survey (USGS) Hawaiian Volcano
Observatory (HVO) permanent telemetered seismic network from January 1986 to March 2009, a time
period in which data were cataloged and available in a consistent format (e.g., in March 2009, the data
acquisition system was changed from Caltech-USGS Seismic Processing (CUSP) to ANSS (Advanced National
Seismic System) Quake Monitoring System (AQMS) [Nakata and Okubo, 2010]). We also begin with catalog
locations produced using the CUSP system and a one-dimensional (1-D) velocity model and, when available
for a subset of events, phase pick data from HVO [Nakata and Okubo, 2010]. The standard stations are 1 Hz
short-period geophones, and the majority are vertical component only [Nakata and Okubo, 2010]. All event
data are resampled to a uniform 100 Hz sample rate. In this study, we focus on 49,030 seismic events with
an initial (CUSP) catalog location falling within a region defined by [19.35◦, 19.45◦N; −155.35◦, −155.15◦W]
and with depths ≤20 km, which includes shallow and intermediate-depth LPs in the Kı̄lauea summit
region (Figure 1).

As a first step, it is necessary to identify and isolate the LP events from the rest of the seismicity occurring
within the Kı̄lauea summit region, which includes ordinary tectonic and volcano-tectonic (VT) events [Klein
et al., 1987]. LP events have been classified and flagged by HVO analysts based on waveform and spectral
characteristics and location [e.g., Okubo and Nakata, 2003]. However, this classification scheme is subjective
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Figure 2. Histogram of station-averaged FI values (median
FI over all recording stations) for the 41,475 events con-
sidered. The threshold value of −1 is indicated by the
dashed line.

and has not been consistently or systematically
applied through time. We seek an automated
method that can be applied in a standardized way
to all event data. We investigate the suitability of the
Frequency Index (FI) metric introduced by Buurman
and West [2010]. The FI is defined as

FI = log10

Aupper

Alower

, (1)

where Aupper and Alower are the mean spectral ampli-
tudes in a chosen band of high frequencies and low
frequencies, respectively. Here we choose bands
of 1–5 Hz for Alower and 5–15 Hz for Aupper. We com-
pute the P wave spectra and FI values for all stations
on the vertical component (unfiltered data) for the
49,030 events. The spectra are computed for 1.28 s
noise and signal windows before and after the P
pick with a Hanning taper [Shearer et al., 2006]. If
pick data are not available for the waveform, we use
a predicted pick based on the catalog location and

1-D velocity model. Spectra are only used if the signal-to-noise ratio is >3 in the 1–15 Hz band. This results
in 215,437 P spectra; 7,555 events had no P spectra matching the signal-to-noise requirements and were
excluded from all subsequent analysis.

We found the FI to vary systematically with waveform features and spectra at a given station, indicating
its suitability as a metric for characterizing LP versus non-LP events. By comparing results from different
stations, we found that the single-station FI [Buurman and West, 2010; Ketner and Power, 2013] is reason-
ably robust with respect to source-receiver azimuth and distance, but there is a weak dependence of
single-station FI with distance. We define a more robust FI metric as the median average FI across all record-
ing stations (Figure 1). This station-averaged FI is more robust with respect to path and site effects and does
not depend upon the position of the events with respect to a single station. FI is weakly dependent on event
magnitude (via variations in corner frequency for tectonic and VT events), but the variation is not significant
for our application, so we do not apply a magnitude-dependent correction.

Both the single-station and station-averaged FI values form bimodal distributions, indicating two separate
event types (Figure 2). However, the probability density functions of the two event types overlap, precluding
a complete separation based on FI alone. Nevertheless, LP events under Kı̄lauea can be largely isolated by
selecting events with station-averaged FI ≤ −1. This cutoff was determined based upon the geographic dis-
tribution of events according to their FI values (Figure 1), as well as by examining representative waveforms
and spectra of events with different FI values. Events with low FI values are more likely to be flagged by ana-
lysts as LP events than those with high FI values, but the analyst classifications are inconsistent, as illustrated
in Figure 3. For this reason we use the FI to classify the LP events, as it can be applied uniformly to the entire
data set.

The resultant catalog of 12,290 LP events (25% of all events considered and corresponding to FI ≤ −1) will
be slightly incomplete, as it does not include the overlapping portion of the histogram shown in Figure 2
(−1<FI<−0.7), but we consider this more desirable for the current application than including mixed or
ambiguous event types. Note, for example, that traces 4 and 5 in Figure 3 (both flagged and nonflagged) are
likely LP events but occur in the overlapping portion of the FI histogram (Figure 2). Furthermore, presumed
shallow LPs (<5 km) tend to have higher FI values than intermediate-depth (5–15 km) LPs (Figure 1), with a
higher proportion of the analyst-flagged shallow LPs tending to fall within the excluded overlapping range
(−1<FI<−0.7). For 1986 to 2009, 28% of all 17,615 analyst-flagged LPs are shallow (<5 km) and 72% are
intermediate depth (5–15 km). In contrast, for the same time period, 19% of our 12,290 FI-defined LP events
are shallow and 81% are intermediate depth. Therefore, our catalog of LPs is somewhat more biased toward
the intermediate-depth LPs.
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Figure 3. Representative waveforms at station AHU (see Figure 1), vertical component, corresponding to the FI range
indicated on the right. The waveforms on the left are events flagged by analysts as “LP,” while those on the right are not
flagged as LP. In our classification scheme, any event with a frequency index ≤ −1 is defined as an LP event (i.e., the
lower five blue waveforms in each case).

We note that we investigated an alternative metric based on the ratio of spectral amplitudes in a small band-
width compared to a broad bandwidth and a metric based on the coda duration (ratio of signal power at a
later time in the waveform compared to the event onset), but neither of these metrics improved the ability
to separate the event types. A classification scheme that also incorporates source mechanism type is desir-
able [e.g., Chouet and Matoza, 2013] but would depend on the quality of focal mechanism solutions, and we
do not attempt this here. Future extensions to this work could use more elaborate event classification tech-
niques [e.g., Falsaperla et al., 1996; Langer et al., 2009; Dawson et al., 2010; Messina and Langer, 2011]. While
such techniques may offer significant advances in the ability to classify, separate, and cluster event types, an
advantage of the present approach is its relative simplicity, robustness, and ease of interpretation.

3. Cross Correlation and Relocation

Our data and methodology are similar to those described by Matoza et al. [2013], to which the reader is
referred for more details. The principal aim is to improve the relative location accuracy between nearby
events using a 1-D velocity model, neglecting topography and station elevation [see Matoza et al., 2013].
We also use the shrinking-box source-specific station term (SSST) method [Lin and Shearer, 2005, 2006] to
improve the absolute locations using the available phase pick data.

We have adapted our cross-correlation and relocation methods for use on LP events, which have waveform
properties that are different from ordinary tectonic and volcano-tectonic (VT) events on Hawai‘i Island. We
pair each event with all events within 2 km, or at least 100 nearest neighbors (based on initial catalog loca-
tions). For each of these 6.4 million pairs, we compute cross correlations. Unlike Matoza et al. [2013], we do
not compute cross correlations and measure differential times for S phases for the LP events.

LP events are often reported as (and sometimes defined by) lacking clear S waves [Mcnutt, 2005], but the
classic fluid-driven crack source model for LP events predicts both P and S wave radiation, with the S waves
often being obscured by extended coda waves from the fluid resonance [Chouet, 1988]. We undertook sev-
eral tests to identify if S waves are present in the LP waveform data (see supporting information). These
tests indicated that S phases are sometimes present on some stations and components for LP events but
that often a long-duration P coda merges into the S arrival. If the S wave arrival time contains mixed phases,
determining differential travel times based on S wave windows may lead to spurious results from aligning
part of the LP coda. Therefore, in our relocation of LP events, we use differential time measurements from
P wave cross correlations of vertical components only. We cross correlate P phases using a time window
chosen to be shorter than the S − P time in order to avoid S waves.

Prior to waveform cross correlation, the data are band-pass filtered from 1 to 10 Hz [see Matoza et al., 2013].
We compute the cross-correlation functions using time shifts of up to ±1.5 s and waveform time windows
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defined as follows: (1) If P picks are available, the P window is −0.5 s to 1 s around the P pick; or (2) If P picks
are not available, we use −1 s to 1 s around a predicted P pick. We only save waveform cross-correlation
results for event pairs that have an average P waveform correlation coefficient >0.45 and at least eight differ-
ential time measurements with correlation coefficient >0.75 from source-station distances <80 km. We only
use differential time measurements with correlation coefficient values >0.75. Using this cross-correlation
information, we relocate 5327 events (43% of all LP events defined by our FI threshold, section 2) using
the combined cluster analysis and relocation algorithm described by Matoza et al. [2013] with 1.6 million
differential times from ∼167,000 similar event pairs.

During the relative relocation procedure, the absolute locations of similar event cluster centroids are con-
strained only by the starting (CUSP) catalog locations. If the starting locations exhibit too much scatter,
separate clusters of events may end up with centroids that are erroneously separated, arising from scatter
in the starting locations of events contributing to different clusters. In order to reduce this effect, we also
incorporated phase pick information where available. Phase pick data were available for a subset of 7300 of
the LP events defined based on the FI threshold. For these events, we computed new locations using the
shrinking-box SSST method, implemented in the COMPLOC earthquake location package [Lin and Shearer,
2005, 2006].

We then shifted our relocated seismicity clusters to align with the improved SSST locations as follows. For
each similar event cluster, we identify events within the cluster that also have an independent SSST location.
If at least 10 events and 20% of all events in the cluster have independent SSST locations, we shift the cluster
centroid so that it aligns with the centroid of the corresponding SSST locations (5199 final events relocated).
As a test, we also repeated our cross correlation and relative relocation procedure on only the 7300 SSST
event locations. The results were very similar to those presented here but contained fewer final relocations
(3320 events).

We compute formal relative location uncertainties using the bootstrap approach of Lin et al. [2007] (see
supporting information Figure S1). As described by Matoza et al. [2013], the formal relative location uncer-
tainties do not account for unmodeled 3-D velocity structure, and the absolute location uncertainties are
likely much greater (perhaps on the order of ±1 km horizontally and ±2 km in depth).

4. Relocation Results and Discussion

Our relocation results are shown in Figure 4. The vast majority of intermediate-depth LPs collapse to a
compact volume (Figure 4b), in contrast to the relatively large distributed source volume indicated by the
original catalog locations (Figure 4a). Spherical volumes of radius 800 m and 2 km enclose 50% and 75% of
the relocated intermediate-depth LPs, respectively, although these volumes are likely dependent on the 1-D
velocity model used. The remarkable source location stability and temporal evolution are further illustrated
in Figure 5. The intermediate-depth LPs occur with swarm-like behavior and within the same small volume
(Figures 4b and 5).

Relocated LPs in Figure 5a exhibit minor switching back and forth between two preferred depths, which
is visible as two clusters in Figure 4b and appears to be a robust feature of the relocation results. The shal-
lower cluster is mainly active during 1989 and after 1996. The two distinct spatial clusters of events shown in
Figure 4b are actually part of the same similar event cluster, so their relative positions are well constrained.
However, a similar feature (closely spaced spatial clusters) could potentially arise as an artifact. For example,
a similar location pattern might be produced if the true event locations are in one compact cluster, but
some of the events happen to be recorded by different station configurations. To examine this further, we
performed a series of tests, e.g., varying the cross-correlation threshold and relocation parameters, varying
the relocation algorithm, varying a distance cutoff for contributing stations, and removing data from key
stations. In none of these tests did the two spatial clusters collapse into a single cluster. We also relocated
well-correlated pairs of events spanning the two clusters and found them to locate into the two distinct
clusters. These tests suggest that the two separate cluster locations are a true feature. However, it is possi-
ble that further tests (beyond the scope of the present study) may reveal another source of bias hitherto
uncounted for.

The locations in Figure 4b also include some events in a more diffuse volume surrounding the main
relocated cluster. These events cross correlate more poorly with other events and have greater location
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(a)

(b)

Figure 4. (a) Original catalog locations of 12,290 events we classify as LP based upon station-averaged FI (see Figure 1).
(b) The 5199 LP events relocated using a 1-D velocity model, P waveform cross correlation, and cluster analysis, com-
bined with the source-specific station term method. Note that shallow LPs shown in Figure 4a do not cross correlate and
relocate as well as the intermediate-depth LPs given our threshold parameters.

uncertainty than events in the main cluster (see supporting information Figure S1). A likely interpretation
is that the diffuse volume represents location uncertainty rather than a truly diffuse source region. Indeed,
when applying more strict threshold criteria for using cross-correlation information (results not shown here),
only events within the small compact clusters remain. This indicates a relatively compact, true source region
for all of the intermediate-depth LPs. However, because of the location uncertainty (supporting information
Figure S1), we cannot rule out that some events do occur in the more diffuse volume.

MATOZA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 6
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Figure 5. Temporal evolution of seismicity in the Kı̄lauea summit region. (a) Depth versus time for the relocated LP
events (blue dots) and all LPs (grey dots, catalog depths). (b) Multiplet number of the relocated LP events, with multiplet
numbers corresponding to the ranked number of events in the multiplet. Note that most events are in multiplets 1–3,
which are active from 1986 to 2009. (c) Cumulative number of events N for all LPs (grey line) and relocated LPs (blue line).
(d) N for all seismicity shown in Figure 1 (black line) and all events with station-averaged FI > −0.7 (red line).

As shown in Figure 4, the shallow LPs do not cross correlate and relocate as well as the intermediate-depth
LPs but do collapse to a compact cluster beneath the Halema‘uma‘u pit crater. In total, 709 (31% of 2291)
shallow LPs cross correlated and relocated well compared to 4490 (45% of 9999) intermediate-depth LPs.
This may be because the shallow LPs have less repetitive waveforms than the intermediate-depth LPs but
may also be because there are fewer shallow LP events in total, leading to fewer possible similar events pairs.

The 23 year span of this data set covers a wide range of eruptive activity, including, for example, the Pu‘u
Ō‘ō-Kūpaianaha eruption from 1983 onward; multiple intrusions into the east rift zone; the shutdown of
Kūpaianaha in 1992; an intrusion into the caldera region in early 1996; a surge in summit region activity
in early 1997 followed by lava eruption from Napau in the east rift zone; the disruption and reorganiza-
tion of magma supply to Pu‘u Ō‘ō in 2007; and the beginning of the summit eruption in 2008 [e.g., Heliker
and Mattox, 2003; Okubo and Nakata, 2003; Poland et al., 2008, 2012]. The relative location stability of the
intermediate-depth LPs during this time indicates a source location and process controlled by geologic or
conduit structure. For example, an abrupt change in lithology and/or a geometrical conduit discontinuity
may lead to magma flow disturbances and enhanced seismogenic potential at this location. It is well known
that geometrical complexity in conduits, e.g., elbows, bends, constrictions, and flares, can be important in
generating various types of volcanic seismicity [e.g., Chouet et al., 2010; Thomas and Neuberg, 2012]. A geo-
metrical discontinuity is also consistent with the intermediate-depth LPs occurring at the base of a relatively
aseismic summit magma storage reservoir [Klein et al., 1987]. Additionally or alternatively, this location may
represent a particularly strong barrier to magma flow, which is seismogenic when magma is forced through
it [Aki and Koyanagi, 1981].

It is beyond the scope of the present work to integrate our LP observations within the context of the
complex eruptive history of Kı̄lauea during this time period or in the context of other data such as contin-
uous volcanic tremor metrics or deformation data. However, we note that LP event occurrence decreases
from 2005 (Figure 5). Since the CUSP catalog triggers were being generated at a consistent rate, and since
our LP classification scheme is automatic (does not rely on analysts), the drop in intermediate-depth LP
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activity from 2005 to 2009 appears to be real. In addition, the increase in intermediate-depth LPs in 2003
broadly coincides with summit inflation in late 2003 [Poland et al., 2008]. We note, however, that LP observa-
tions at Kı̄lauea have often occurred in swarms not clearly related to changes in eruptive activity [Okubo and
Nakata, 2003].

Our results are consistent with previous relocation studies of LP seismicity at Kı̄lauea [Battaglia et al., 2003;
Wolfe et al., 2004]. Battaglia et al. [2003] relocated Kı̄lauea LP events between January 1997 and December
1999. In addition to the different time periods and number of events considered, the principal differences
between our study and that of Battaglia et al. [2003] are that (1) Battaglia et al. [2003] used analyst flags
to classify LP events, whereas we use the FI (see section 2); (2) Battaglia et al. [2003] used longer time win-
dows for estimating differential times (20.48 s) (see section 3); and (3) Battaglia et al. [2003] revised the event
absolute locations using the spatial amplitude method. We performed tests incorporating differences (1)
and (2) to validate our method against their results. Using HVO analyst flags of LP events (1) and longer time
windows for cross correlation (2), we obtained highly consistent results. The main difference after making
these changes was in the absolute centroid of the intermediate-depth LPs. This centroid is constrained to a
location beneath the eastern edge of the Halema‘uma‘u pit crater in our relocation results but is shifted to
a position beneath the eastern edge of the rim of Kı̄lauea Caldera in the work by Battaglia et al. [2003]. Our
results are also consistent with those of Wolfe et al. [2004], who relocated analyst-flagged LPs ≥13 km depth
beneath Kı̄lauea from 1988 to 1998. Our study demonstrates the feasibility of comprehensive and systematic
spectral classification and relocation of LP seismicity, which could be automated for use in near-real-time
eruption monitoring.

5. Conclusions

We have systematically analyzed 49,030 seismic events occurring in the Kı̄lauea summit region from January
1986 to March 2009 as recorded on the HVO permanent network. We classified events consistently based
on their spectra and achieved relative relocation of 5327 identified LP events. Intermediate-depth (5–15 km)
LPs spanning the 23 year data set collapse to a remarkably consistent and small source volume (a sphere of
radius 2 km encloses 75% of the relocated intermediate-depth LPs). The repeated seismic illumination of
a tiny portion of Kı̄lauea’s inferred magma transport system, during 23 years of eruptive changes, indicates
an LP source process controlled by stable geologic or conduit structure, such as a geometrical conduit dis-
continuity or a particularly strong barrier to magma flow. Extensions to this work include continuing the
analysis on waveform data from March 2009 onward, combined with inversions for the source mechanism
of intermediate-depth LPs.
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